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Evaluation of average length as an estimator of exploitation
status for the Florida coral-reef fish community
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Simulation and empirical analyses were conducted to evaluate the utility and robustness of
average length (Lbar) of animals in the exploited population as an estimator of fishing
mortality (F), and therefore as an indicator of exploitation status for Florida coral-reef fish.
Simulation results showed that the Lbar estimator of fishing mortality was relatively
insensitive to trends in recruitment, and demonstrated favourable properties for detecting
statistical differences between sustainable and non-sustainable rates of exploitation. Rates
of F estimated from fishery-dependent size composition data were comparable to F
estimates from catch-and-effort time-series. Average length was also estimated from
fishery-independent diver surveys for 22 species in the exploited snapperegrouper
complex. A majority of snapperegrouper species are currently fished unsustainably in the
Florida Keys, though overfishing appears most severe for long-lived, slow-growing fish.
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Introduction

The Florida Keys coral-reef ecosystem (24.7(N 81.0(W) is

inhabited by more than 400 fish species and supports

multibillion-dollar fishing and tourism industries (Johns

et al., 2001). Over recent decades, reef-fish populations

have declined, owing to a variety of human-related

stressors, most notably fishing and habitat alterations (Ault

et al., in press). The fish are intensively exploited (Ault

et al., 1998, 2003), but fishing mortality affects the species

differentially (Coleman et al., 2000; Musick et al., 2000).

Our research focus has been to quantify the reef-fish

community response to exploitation in the Florida Keys

(Ault et al., 1998). The principal data source is fishery-

independent, synoptic diver-based visual surveys of species

composition, abundance, and size structure, including target

and non-target species (Bohnsack et al., 1999; Ault et al.,

2002). The principal stock assessment indicator variable to

quantify population status is average length (Lbar) of the

exploited part of the population, which is a metabolic-based

indicator that is highly correlated with population size

(Beverton and Holt, 1957; Ricker, 1963; Pauly and Morgan,
1054-3139/$30.00 � 2004 International Cou
1987; Ault and Ehrhardt, 1991; Ehrhardt and Ault, 1992;

Kerr and Dickie, 2001). For exploited species, Lbar reflects

the rate of fishing mortality. Because body size is broadly

correlated with trophic level, large individuals and species

are often top predators. Biomass declines of such animals

are usually the most marked community response to

exploitation (Ault et al., 1998; Gislason and Rice, 1998;

Pauly et al., 1998; Kerr and Dickie, 2001). Previous studies

showed that the Lbar estimator of mortality rate is unbiased

under conditions of constant annual recruitment to the

exploited stock (Ehrhardt and Ault, 1992; Quinn and

Deriso, 1999). However, resulting mortality estimates may

exhibit positive bias under conditions of an increasing trend

in recruitment. In the Florida Keys, recruitment of the most

severely depleted stocks may be increasing at present, in

response to a series of recent management actions for the

snapperegrouper complex, including gear restrictions,

minimum size and bag limits, and spatial closures (Ault

et al., in press).

To evaluate the utility and robustness of average size as an

estimator of exploitation status for Florida reef fish, our

objectives here are to: (i) examine uncertainty in Lbar
ncil for the Exploration of the Sea. Published by Elsevier Ltd. All rights reserved.
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estimates of mortality rates and potential bias caused by

trends in recruitment; (ii) compare estimates of mortality

rates based on a variety of methods and different data

sources; (iii) apply the Lbar estimator of mortality

simultaneously to a suite of reef-fish species under the same

nominal fishing effort, to evaluate its potential as a first-order

indicator of community response to exploitation.

Methods

Table 1 shows the sources of length composition and catch-

and-effort data used. Life history parameters for Florida

reef fish (Table 2) were taken from Ault et al. (1998, 2002,

2003) and Claro et al. (2001). Natural mortality rate (M)

was estimated from lifespan, applying the procedure of

Alagaraga (1984).

Total instantaneous mortality rate (Z) was estimated

using the method of Ehrhardt and Ault (1992), which is

based on length at first capture (Lc), maximum length in the

stock (Ll), and average length in the exploited stock (Lbar),

in conjunction with the Bertalanffy growth parameters K

and LN. Estimates of Z were computed using an iterative

numerical algorithm (LBAR; Ault et al., 1996; FAO, 2003),

and annual estimates of F were obtained by subtracting M

from Z. All input values are given in Table 2.

Theoretically, Lbar in year t is expressed as

LðtÞZ
FðtÞ

R al

ac
Nða; tÞLða; tÞda

FðtÞ
R al

ac
Nða; tÞda

ð1Þ

where ac is the minimum age at first capture, al the oldest

age in the stock, N(a,t) the abundance for age class a, L(a,t)

the length-at-age, and F(t) is the instantaneous fishing

mortality rate at time t. In practice, Lbar is usually

estimated in the length range LceLl. Estimates of average

Table 1. Sources of length composition (lc) and catch-and-effort

(cee) data used to evaluate average length as an estimator of

exploitation status for Florida reef fish (MRFSS, Marine Recrea-

tional Fisheries Statistics Survey; TIP, Trip Interview Program;

TTD, Trip Ticket Data Base; RVC, Reef-fish Visual Census).

Type of data Database Period Comments

Florida-wide

lc/cee MRFSS* 1993e2002 Sport fishing fleet

lc TIP* 2001e2002 Commercial fleet

cee TTD** 1993e2001 Commercial fleet

Florida Keys

lc RVC*** 2000e2002 Fishery-independent

Sources: * National Oceanic and Atmospheric Administration,

** Florida Fish and Wildlife Conservation Commission,

*** Bohnsack and Bannerot (1986), Bohnsack et al. (1999); Ault

et al. (2002).
length and the corresponding variances were obtained from

fishery-dependent and -independent length composition

data, applying standard statistical procedures (Sokal and

Rohlf, 1981). Non-normality of length observations was

corrected by log-transformation. Fishery-dependent esti-

mates were obtained by weighting recreational and

commercial fleet estimates by their respective proportions

of the catch, and fishery-independent estimates by weight-

ing estimates of population abundance from data collected

inside and outside marine protected areas by their re-

spective proportions.

In addition, two methods were used to estimate F from

Florida-wide catch-and-effort time-series: the ASPIC non-

equilibrium surplus production model (Prager, 1994), and

a continuous formulation (i.e. no age or size structure) of

a general stock-synthesis model (Methot, 1990; Quinn and

Deriso, 1999), employing maximum-likelihood procedures

(Haddon, 2001). These time-series methods generally

produce more reliable estimates for the most recent years.

Effort among fleets and gears was standardized using the

fishing power method of Robson (1966).

Finally, a numerical cohort-structured model (Ault and

Olson, 1996; Ault et al., 1998) was used to compute

management benchmarks of stock status and to conduct

simulation analyses of uncertainty and bias properties of

F estimates based on average size. The benchmarks used to

evaluate sustainable exploitation in terms of a limit control

rule were: Fmsy (F generating maximum sustainable yield,

MSY); Bmsy (population biomass at MSY); and SPR

(spawning potential ratio; Mace, 1997; Restrepo and

Powers, 1999). We define Fmsy as FZM.

The bias in F resulting from potentially increasing trends

in recruitment to the exploited stock was evaluated for

hogfish (Lachnolaimus maximus) with the cohort-structured

model. Hogfish was used here because reliable long-term

fishery-dependent and -independent data were available for

methodological comparisons, and because its life history

demographics are characteristic of the snapperegrouper
complex. Simulations were run over a range of exploitation

rates (FZ 0.0e0.8) and increasing recruitment trends

(0e10% y�1). Recruitment of fish entering the population

at age tr was assumed to have an exponential trend (with

recruitment rate parameter r; Ntr;tZN0e
rt), and was pre-

sumed to occur over the entire lifespan (Quinn and Deriso,

1999). These analyses represent a ‘‘worst-case’’ scenario

for potential bias in F estimates.

Results

The analytical relationship between Lbar and F, some

aspects of uncertainty in average length mortality estimates,

and the expected stochastic population length compositions

at three levels of fishing mortality (FZ 0; FZ Fmsy;

FZ F2001) are depicted in Figure 1. The most recent

Florida-wide estimate of F is about four times higher than

Fmsy. Means and 95% confidence intervals (CI) of Lbar for



Table ers of the von Bertalanffy equation; Lm, length at maturity; Bmsy,

expre

Spec

Estimated parameters

(mm) M (y�1) Lbar (mm) F (y�1) SPR (%) Bmsy B/Bmsy

Grou

Ro 454 0.25 288 0.19 31 0.22 1.44

Gr 363 0.20 233 0.56 36 0.63 0.57

Re 383 0.18 251 0.24 24 0.34 0.70

Go 178 0.08 1 161 0.04 53 0.27 1.96

Re 869 0.18 592 0.41 27 0.47 0.57

Na 870 0.18 635 1.19 13 0.47 0.26

Bl 153 0.15 709 0.60 10 0.41 0.26

Sc 932 0.14 550 1.05 6 0.42 0.15

Ye 792 0.20 542 1.18 6 0.45 0.13

Snap

M 798 0.21 493 0.41 29 0.45 0.63

Sc 504 0.25 315 0.45 31 0.46 0.67

Gr 557 0.25 309 0.70 15 0.39 0.39

Do 790 0.25 368 0.47 22 0.39 0.57

La 418 0.30 258 0.27 42 0.39 1.09

Ye 433 0.21 297 0.53 27 0.49 0.56

Wras

Ho 786 0.13 340 1.00 6 0.36 0.18

Grun

M 578 0.30 297 0.50 8 0.21 0.39

To 280 0.28 203 0.00 100 0.42 2.41

Fr 235 0.25 205 0.00 100 0.42 2.38

Co 333 0.33 208 0.61 17 0.34 0.51

Bl 404 0.37 233 0.65 21 0.37 0.57

W 411 0.37 227 0.54 25 0.35 0.70

4
1
9

A
vera

g
e
len

g
th

a
s
estim

a
to
r
o
f
exp

lo
ita

tio
n
sta

tu
s
fo
r
F
lo
rid

a
reef

fi
sh
2. Life history input parameters and estimated population parameters for Florida reef fish (a0 and WN, paramet

ssed as proportion of unfished stock biomass; for other symbols see text).

ies

Input parameters

al (y) K (y�1) LN (mm) a0 (y) WN (kg) Lm (mm) Lc (mm) Ll

pers (Serranidae)

ck hind (Epinephelus adscensionus) 12 0.19 486 �2.16 2.27 336 200

aysby (E. cruentatus) 15 0.13 415 �0.94 1.14 198 200

d hind (E. guttatus) 17 0.21 393 �0.83 1.09 251 180

liath grouper (E. itajara) 37 0.05 2 394 �3.62 244.9 978 600 2

d grouper (E. morio) 17 0.15 938 �0.10 11.9 437 500

ssau grouper (E. striatus) 17 0.15 940 �1.08 12.0 480 600

ack grouper (Mycteroperca bonaci) 20 0.16 1 200 �0.30 31.6 597 600 1

amp (M. phenax) 21 0.13 1 000 �1.36 19.3 491 500

llowfin grouper (M. venenosa) 15 0.17 860 0.00 15.7 527 500

pers (Lutjanidae)

utton snapper (Lutjanus analis) 14 0.13 939 �0.74 14.1 279 400

hoolmaster (L. apodus) 12 0.18 570 0.00 3.28 148 250

ay snapper (L. griseus) 12 0.14 722 �0.86 5.25 233 250

g snapper (L. jocu) 12 0.10 854 �2.00 10.2 300 300

ne snapper (L. synagris) 10 0.10 618 �1.73 3.24 205 200

llowtail snapper (Ocyurus chrysurus) 14 0.21 455 �0.71 4.24 197 250

ses (Labridae)

gfish (Lachnolaimus maximus) 23 0.08 913 �1.78 14.1 166 300

ts (Haemulidae)

argate (Haemulon album) 10 0.17 753 �0.45 8.57 426 200

mtate (H. aurolineatum) 11 0.09 310 �1.28 1.89 130 150

ench grunt (H. flavolineatum) 12 0.18 295 0.00 0.57 176 160

ttonwick (H. melanurum) 9 0.32 350 �0.50 0.82 203 160

uestriped grunt (H. sciurus) 8 0.30 413 0.00 1.36 205 180

hite grunt (H. plumieri) 8 0.19 512 �0.78 3.06 177 170
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Figure 1. Relationship of Lbar in the exploited phase and fishing mortality F for hogfish, and the variation in F estimates (dotted horizontal

bars) resulting from variation in Lbar (dashed vertical bars). Insets show representative population length frequency compositions at F0,

Fmsy, and F2001.
the cases Fmsy and F2001 were used to estimate the

respective means and 95% CIs of F. Although the CI of

Lbar is larger at Fmsy than at F2001, the corresponding CI of

F is higher at F2001 owing to the non-linear relationship

between Lbar and F. The non-linear relationship also

results in asymmetric CIs of F that are more pronounced at

higher exploitation rates.

A contour diagram of the proportional bias in Z estimates

at different rates of recruitment r and F (Figure 2) shows

that bias increases with decreasing F and increasing r.

Based on the F-range observed in Florida-wide estimates

during the past 10 years and an upper bound of rZ 0.04

(corresponding to a 251% increase over a full lifespan;

at most a 200% increase has been observed for snappere
grouper species over 20 years of the fishery-independent

surveys), the feasible realm of bias for hogfish ranges from

3% to 7%. At values of F near FmsyZ 0.13, the bias is

!15%, and probably much lower, because recruitment

would be expected to increase less for a stock fished

sustainably.

A comparison of estimates for hogfish based on different

methods and data sources (Figure 3) indicates that annual F

for the non-equilibrium production and stock-synthesis

models were nearly identical over the period 1993e2001,
whereas Florida-wide Lbar estimates of F from fishery-

dependent data for the years 2001 and 2002 generally

corresponded with the estimates from catch-and-effort time-

series. Florida Keys estimates from fishery-independent
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Figure 2. Contours of proportional bias in Lbar mortality estimates

for hogfish at various annual rates of recruitment (r) and F (values

in parenthesis: lifetime factor increase in recruitment correspond-

ing to r).
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data were higher than the Florida-wide estimates for 2001

and 2002. One likely reason for this is that the Florida Keys

comprises most of the coral-reef habitats in Florida, so

generating most of the commercial and recreational land-

ings of this species (Ault et al., 2003).

Lbar mortality estimates, based on fishery-independent

size composition data collected between 2000 and 2002,

and management benchmarks for 22 species of reef fish, are

provided in Table 2. Values of the F/Fmsy ratio plotted

against the B/Bmsy ratio (Figure 4) suggest that most

species of the snapperegrouper complex experience

overfishing (F-ratioO 1, B-ratio! 1; Restrepo and

Powers, 1999) and have been subject to unsustainable rates

of exploitation in recent years. Notable exceptions are two

small grunt species not targeted by the fishery (French

grunt, Haemulon flavolineatum, and tomtate, H. aurolinea-

tum), and the goliath grouper (Epinephelus itajara), which

has been under a fishing moratorium since 1990. Overfish-

ing appears most severe for long-lived, slow-growing fish

(cf. Table 2, Figure 4).
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Figure 3. Comparison of estimates of fishing mortality for hogfish

based on different assessment methods and data sources: non-

equilibrium production model (aspic), stock-synthesis model (ss),

and fishery-dependent average length (FD Lbar) methods used

Florida-wide data; fishery-independent average length (FI Lbar)

method used only Florida Keys RVC data (horizontal line:

management benchmark Fmsy).
Discussion

The Lbar method for estimating total mortality exhibits

relatively robust properties for assessing exploitation

impacts on the Florida coral-reef community. Apart from

being unique by having zero-bias properties at equilibrium

(Ehrhardt and Ault, 1992; Quinn and Deriso, 1999), the

method appears to be relatively insensitive to trends in

likely recruitment for Florida Keys reef-fish species (Ault

et al., 1998, 2001, 2002). Temporal variation in re-

cruitment, in contrast to a deterministic trend, would result

in an even smaller bias than the simulated extreme trends.

The estimator also showed desirable properties for detect-

ing statistical differences at the lower range of exploitation

rates that should allow discrimination between sustainable

and non-sustainable rates. Finally, estimates of F from

fishery-dependent size composition data were comparable

to those from catch-and-effort time-series.

The use of Lbar as an estimator of fishing mortality, and

therefore indirectly as an indicator of exploitation, has

several practical advantages: (i) relatively simple data

requirements (i.e. accurate and precise information on the

age-and-size relationship, length frequency compositions

for the exploited stock, and estimates of M); (ii) the method

applies to both fishery-independent and -dependent data,

and therefore may help to resolve incongruencies that exist

among individual data sets; (iii) relatively simple compu-

tational requirements for the Lbar algorithm, because

length-to-age transformation is not required, unlike most

contemporaneous age-based mortality estimators (Quinn

and Deriso, 1999); (iv) the method might be used to

generate a ‘‘community control rule’’ indicator of exploi-

tation status, when used in the context of synoptic fishery-

independent survey data.

The principal fleet targeting the reef-fish complex of

approximately 50 species is recreational, and the principal

gear is hook and line, which is relatively non-selective
MSY
Target

Figure 4. Plot of F/Fmsy ratio against B/Bmsy ratio for 22 fish species in the Florida Keys coral-reef ecosystem for the years 2000e2002

(blue, groupers; yellow, snappers and wrasses; green, grunts).
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(Ault et al., 2003). Because many of the species co-occur in

similar habitats, capture probability for most species on any

given trip at any location is greater than zero. Therefore,

nominal fishing effort in the Florida Keys affects the

snapperegrouper complex as a whole, but acts differen-

tially on individual species, depending on their life history

characteristics. The impact of exploitation was more severe

for the slow-growing, long-lived groupers and hogfish than

for other species (Figure 4). In addition, exploitation rates

appear to differ throughout Florida, but are most intense in

the Florida Keys. Because of these factors, management to

build sustainable fisheries may need to consider the entire

reef-fish complex and perhaps invoke a spatial context to

interventions.
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